This paper reports on Au(111) vicinal surfaces, either regularly stepped surfaces, reconstructed or not, or periodically faceted surfaces, which are well suited to be used as templates for organized growth of clusters. Angles of misorientation with respect to the (111) plane lie between 1
where some of these terms are clearly understood [14] . γ 0 is the surface free energy of the (111) reference plane, β is the step free energy and g is the step-step interaction. These three terms, together with a repulsive interaction between steps (g > 0), describe the surface free energy of a regular stable vicinal surface. However, other terms are necessary in order to explain the faceting instability and various microscopic mechanisms lead to their existence. For example, the presence of a surface reconstruction also leads to faceting. Indeed, in a general way, a reconstruction induces that γ 0 , β and g are functions of the vicinal angle θ . The most famous example is the (7×7)-(1×1) transition where the Si(111) vicinal surfaces misoriented towards the [211] direction are faceted for temperatures below the phase transition [15, 16] . The phase separation between a reconstructed (7 × 7) Si(111) facet and a non-reconstructed stepped phase has been interpreted as a loss of convexity of the surface free energy when the surface free energy curves for the reconstructed and unreconstructed structures intersect. In the case of Au(100) [17, 18, 10] and Pt(100) [11] the observation of faceting has been interpreted in terms of local minima in the surface free energy, called magic vicinals, when the terrace width is commensurate or nearly commensurate with the reconstruction, leading to the possibility of optimal registry [19] . In the case of Au(111) vicinal surfaces, there are two experimental facts that strongly indicate that they should be unstable towards faceting: (i) the gold equilibrium crystal shape displays sharp edges around the facets and (ii) the Au(111) surface is reconstructed.
The macroscopic observation of gold equilibrium crystal shape (ECS) has been obtained after deposition on two different substrates, either graphite [20, 21] or α-SiC [22] and examined by scanning electron microscopy. All these experimental investigations agree on the fact that gold ECS displays discontinuous facet to vicinal transitions. This appears as sharp edges around both the (111) and (100) facets. More recently, the interpretation of such a shape has been revisited by Bonzel et al [23] by adding the fourth term in equation (1) . Although the link between the macroscopic ECS and the microscopic interpretation of the surface free energy development of a vicinal surface is not yet understood, sharp edges clearly mean that Au(111) vicinal surfaces are unstable towards faceting. This result is also confirmed by observation of sharp edges on periodic profiles annealed at 1023 K [24] or by determining the faceting morphologies of Au(111) stepped surfaces either by using x-ray scattering [25] [26] [27] tunnelling microscopy (STM) [28, 29, 2] . It is worth noting that Au(111) vicinals have also been studied under an electrochemical environment [30, 31] .
The microscopic origin of the Au(111) vicinal faceting instability has to be searched for in the famous 22 × √ 3 reconstruction of the Au(111) surface [32] [33] [34] . This reconstruction has been described within a Frenkel-Kontorova (FK) model [35] [36] [37] [38] . It involves a non-uniform compression of the surface atoms along the [110] direction, with domain walls, also called linear discommensurations, separating surface regions with the correct (fcc) stacking from regions with a faulted (hcp) stacking sequence (see figure 1(a) ). Each discommensuration incorporates an additional one-half of an atom relative to the bulk (111) planes. The periodicity between faulted regions (L D = 65 Å) corresponds to 22 atoms. The reconstructed layer is 4% denser than the bulk (111) planes. Further energy minimization of a very small strain energy associated with the anisotropy of the stress relief in the 22 × √ 3 reconstruction leads to a secondary reconstruction pattern called the herringbone reconstruction or the chevron phase [34, 39, 40] , of which the periodicity is about 300 Å (see figure 1(b) ). The thermal behaviour of Au(111) was investigated using x-ray scattering [41] [42] [43] . The periodicity of the 22 × √ 3 reconstruction seems to exist at any temperature studied (from 300 to 1250 K, the melting temperature of gold being 1337 K) [41, 42] . However above 865 K, the herringbone reconstruction loses long range order, and a first-order phase transition is completed at 880 K. The high temperature phase is called a discommensuration fluid phase. As far as we know no link has been established between this phase transition and the faceting morphology of Au(111) vicinal surfaces.
One difficulty comes from the fact that introducing steps on the surface changes the microscopic structure of the reconstruction. For example, as soon as the vicinal angle is larger than one degree, the herringbone reconstruction cannot exist any longer since the periodicity of this reconstruction is larger than the terrace width. Therefore, any investigation of the role played by the reconstruction on the stability of Au(111) vicinals should start with a systematic study of the influence of steps on the reconstruction. We will report on such a study in section 3.
The paper is organized as follows. The next section details the experimental preparation of Au vicinals under ultra-high vacuum conditions and the techniques (mainly a combination of scanning tunnelling microscopy (STM) and grazing incidence x-ray diffraction (GIXD)) used for determining both the macroscopic and the atomic structures of the surfaces. All the sample Table 1 . {100} step vicinal surfaces: summary of the nominal angles of misorientation θ , number of atomic rows in each terrace n and terrace widths W . The Miller indices are (n + 1, n − 1, n − 1) and the terrace width is calculated using W = (n − 1/3) * 0. 25 orientations studied are also summarized in this experimental section. Section 3 elucidates the interaction between close-packed steps and reconstruction as studied directly by STM on a Au(111) sample. Section 4 is devoted to the experimental determination of Au(111) vicinal morphology, i.e. both the atomic structure and the long range order. In section 5, interpretation of the experimental results is given concerning the faceting origin of Au(111) vicinals. Two different models for explaining the microscopic origin of Au(111) vicinal faceting are explained depending on which azimuth surfaces are cut. Finally, a phase diagram is proposed in section 6 for these surfaces and we summarize the existence of known magic vicinals. Section 7 focuses on the interpretation of the long range order found on the faceted surfaces. The interplay between atomic order and mesoscopic order is studied within the framework of Marchenko's model [44] . The role played by the edge energy is highlighted in this section. Finally, section 8 shows how Au(111) vicinals can be used for growing organized nanostructures.
Experimental details

Au samples
Except for the study presented in section 3,which has been performed by using a Au(111) single crystal, all samples are Au(111) vicinal surfaces which are single crystals cut by spark erosion to produce discs of either 4, 9 or 12 mm in diameter and 2 mm in thickness, depending on each sample. Many different samples have been studied, but all of them are cut within the [011] zone axis. Thus all steps are parallel to this close-packed [011] direction since gold is a face-centred cubic (fcc) crystal. Two opposite azimuths have been investigated (see figure 2 ). For vicinals oriented towards [211] , steps exhibit {111} microfacets; this is the case for Au (11, 12, 12) , Au(788), Au(455), Au(577) and Au(233). We have also investigated morphologies of Au (12, 11, 11) , Au (11, 9, 9) , Au(433), Au(755) and Au(322) which are oriented towards [211], whose steps exhibit {100} microfacets. The crystallographic parameters of these surfaces such as the angle of misorientation θ , the number n of atomic rows in each terrace and the corresponding terrace widths are summarized in tables 1 and 2. Angles of misorientation with respect to the reference plane Au(111) range between 2 • and 12
• .
Experimental procedure
The sample ex situ preparation is described elsewhere [30, 2] . Once introduced into the UHV chamber, with a base pressure of 3 × 10 −11 mbar, the sample is prepared using repeated cycles of sputtering with argon ions (typically at an argon pressure of 5 × 10 −5 mbar, and a voltage of 600 V) and annealing at 800 K. Observations are made in situ by STM experiments. STM images were taken first with a home-made microscope [28, 29] , then with a variable temperature STM from Omicron. n(111)x(111) n(111)x(100) (322) (11, 12, 12) (455) (12, 11, 11) {111} steps {100} steps
(788) (11, 9, 9) [111] . n is the number of atomic rows in each terrace. The bottom of the drawing summarizes the nominal vicinal planes studied in the paper regarding the azimuth. Table 2 . {111} step vicinal surfaces: summary of the nominal angles of misorientation θ , number of atomic rows in each terrace n and terrace widths W . The Miller indices are (n − 2, n, n) and the terrace width is calculated using W = (n − 2/3) * 0.25. GIXD experiments were performed in a UHV diffractometer on beam line DW 12 at LURE-DCI (Orsay). The macroscopic surface normal is aligned with the diffractometer rotation axis ω in order to keep the incident angle constant at a critical angle (∼0.3
• for wavelength 0.827 Å) during the scans and using Z -axis geometry. The vicinal orientation was checked in situ by localization of Bragg peaks and the corresponding vicinal angle was taken into account in the program for using the hexagonal coordinate system for the (111) fcc terrace structure, described in the next paragraph. All crystallographic directions (hkl), mentioned here, are defined in the conventional cubic coordinate system describing the fcc gold crystal with lattice parameter a = 4.08 Å. However, the (111) atomic planes of an fcc crystal are hexagonally close packed. It is therefore convenient to employ a hexagonal coordinate system when describing the scattering from a (111) fcc surface. The reciprocal axes (A * , B * , C * ) are deduced from a hexagonal coordinate system in real space with vectors (A, B, C) drawn in figure 3. Vectors A and B are in the terrace plane with A = B = a/ √ 2 = 2.88 Å, whereas C is along the perpendicular [111] cubic direction, with C = 3h = 7.05 Å, h being the step height, h = a/ √ 3 = 2.35 Å. In the reciprocal space (see figure 3(b) ), A * = B * = 4π/ √ 3 A = 2.52 Å −1 for the (H ,K ) plane normal to the [111] cubic direction and C * = 2π/C = 0.89 Å −1 for the L index. In this coordinate system, the hexagonal reciprocal space indices H , K and L are related to the conventional cubic indices h, k and l by the transformations H = −h/2+k/2, K = −k/2+l/2 and L = h + k + l. The component of the scattering vector in the (111) cubic plane is determined by H and K , while the out-of-plane scattering vector is given by L. Since the hexagonal unit cell in real space (A, B, C) is not primitive, bulk Bragg peaks do not appear for each integer value of L, but they should satisfy the condition 2H + K + L = 3n, which leads to a periodicity of 3C
* along the C * axis, as can be seen in figure 3 (b). Once the gold surface is well prepared, cobalt evaporation is performed using a 2 mm diameter cobalt rod directly heated by electron bombardment (I em = 12 mA, H V = 800 V). The pressure during the process is below 2 × 10 −10 mbar. Typical flux rate is 1 ML min −1 . The flux calibration is made using an in situ quartz microbalance.
Interaction between steps and reconstruction on Au(111)
Stepped surfaces often exhibit properties which depend on the interactions between steps and reconstructions [14] . In this section we report on a systematic behaviour between the closepacked steps on Au(111) and the 22 × √ 3 reconstruction. This result, of particular interest for managing new nanostructured substrates, is interpreted in terms of the relative stability of both types of step. The 22× √ 3 reconstruction is easily recognized on STM images by the presence of stacking fault lines which are lines of highest corrugation on the surface, also called discommensuration lines. It has been observed on Au(111) [34] that these lines are very often found perpendicular to the steps. However, discommensuration lines which do not correspond to a usual compression direction also exist, parallel to the step edges [34] . STM experiments performed on a Au(111) surface demonstrate that this behaviour can be unambiguously associated with the atomic structure of steps [45, 46] . Two types of close-packed step can be found on a (111) surface. A descending step along the [211] azimuth presents a {111} microfacet, whereas an ascending step along the same azimuth is made of a {100} microfacet (see figure 4(b) ). We have indeed found on some wide Au(111) terraces a monatomic height plateau which gives the opportunity to observe on the same image both types of close-packed step. Indeed, two opposite steps along the same azimuth have a different atomic structure (see figure 4 ). As seen in figure 4 , when the discommensuration lines cross an ascending step, they are no longer present on the other side of the plateau. Moreover, a discommensuration line parallel to the step edge is found at the bottom of the corresponding descending step. This effect can be systematically attributed to the type of step, since it is clear that when the steps are rotated by 60
• the effect is reversed. Indeed, a rotation of 60
• exchanges the crystallographic structure of the steps (see figure 4) . A Laue x-ray diffraction pattern allows us to attribute unambiguously one type of step to each structural effect.
When the step is crossed by the lines of the reconstruction (which is the effect usually known), it is made of a {111} microfacet. On the other hand, when the step is, a priori, made of a {100} microfacet, the bottom of the step encounters a line of stacking fault parallel to the step edge. Knowing that the smallest area on the 22 × √ 3 reconstruction corresponds to hcp stacking, atoms closest to the descending step edge are in fcc sites. This is easily understood since these atoms are closest to the atoms underneath the step which are in the bulk stacking. Moreover, atomic resolution of a step edge clearly shows that the stacking fault associated with the reconstruction remains unchanged until the last atomic row of the upper terrace [45] . Thus, the initially {100} microfacet structure of a step is transformed into local portions of {111} microfacet where the upper atoms are in hcp sites. In contrast, the atomic structure of an initially {111} step edge remains unchanged when it is crossed by the discommensuration lines. These results strongly suggest an energetic interpretation for the observed behaviour. For metals like gold or platinum, the step energy of {111} type steps has been found to be lower than that of {100} type steps [47] . This can be easily understood if one considers the atomic density of each kind of step. Thus, the behaviour of the reconstruction in the vicinity of steps, which is described above, can be interpreted as a way of minimizing the step energy of an initially {100} step edge.
Once first observed, we checked that this effect was systematically found on numerous areas of the surface where steps are present [46] . In addition, we have intentionally fabricated both types of step on the Au(111) surface by making holes with ion argon sputtering. It has been demonstrated [48] that a layer-by-layer removal regime can be found when the Au(111) surface is sputtered at a temperature between 120 and 220
• C. In this regime, two-dimensional islands of surface vacancies are formed, hexagonal in shape and one layer deep. Therefore, they display both types of step, as can be seen in figure 5 . As shown in figure 5 , the reconstruction is present everywhere around the holes, although strongly disordered due to the high density of steps in all directions. More interesting is the way the reconstruction can be found at the bottom of these vacancy islands. The most systematic structural effect is that one edge of the hexagon out of every two is crossed by discommensuration lines, perpendicular to it. By comparing the orientation of the hexagon with the preceding observations, edges crossed by the reconstruction lines can be unambiguously attributed to {111} type steps. As previously discussed, it is clear that atoms closest to the bottom of {100} type steps are in fcc stacking. Again, the existence of the reconstruction on the top of the step edge transforms locally the step in portions of the {111} microfacet and thus lowers its energy. As visible in figure 5 , due to the complex arrangement of reconstruction between the holes, it sometimes happens that the discommensuration lines do not reach the top of a {111} step. Then there is no reconstruction at the bottom of the corresponding step edge. This behaviour is consistent with our energetic argument which favours keeping the {111} step structure unchanged. Additional proof of such an interaction between reconstruction and steps can be found in experiments that we have performed on single crystals with Au(111) vicinal surfaces and that will be described below in the next section.
Equilibrium morphology of Au(111) vicinals
In this section we report on structural determinations of Au(111) vicinal equilibrium morphologies. The reasons for interpreting these morphologies as equilibrium ones are the following.
(i) Hundreds of preparation cycles on all surfaces have been performed, until the morphology no longer evolves. Indeed, faceted surfaces exhibited different morphologies at the very beginning. (ii) The annealing time was also varied from a flash up to 48 h without any modification observed at room temperature. (iii) The cooling rate has been varied from a natural flash to a slow rate (a few hours for cooling down to room temperature). The evolution of the morphology from the highest temperature of annealing has been followed with x-rays and shows that the cooling rate has no effect and that the faceting morphology evolves with temperature in a reversible way for temperature above 700 K [26] . 
Structure of stable vicinals
Stable vicinals of Au(111) can be divided into two classes depending on whether the terraces are reconstructed or not.
Stable unreconstructed vicinal surfaces: Au(322), Au(755) and Au(233)
. Au(322), Au(755) and Au(233) surfaces have been investigated using both STM, low-energy electron diffraction (LEED) and GIXD. Their morphology is similar to an atomic staircase, where steps are all one atom high (h = 0.235 nm), and equally spaced across the surface. STM images allow precise determination of terrace width histograms. The Au(322) substrate is misoriented by an angle of 11.4
• along the [211] azimuth and displays monatomic steps regularly spaced with an averaged terrace width distribution of 1.2 nm (see figure 6 ). No reconstruction is seen on such a surface. LEED and GIXD measurements also suggest that there is no reconstruction. The Au(755) surface is cut in the same azimuth as the (322) surface. It is also a regular stepped surface without any reconstruction. The Au(233) surface has the same number n = 6 of atomic rows in each terrace as the Au(755) surface but it is misoriented in the opposite azimuth. Angles of misorientation with respect to the (111) plane are concentrated around 10
• for all three stable unreconstructed surfaces. When the surfaces investigated display a much smaller misorientation angle, i.e. about 4
• or below, terraces become reconstructed. (11, 12, 12) . Au(788) and Au (11, 12, 12) are stable regularly stepped surfaces, with monatomic steps like the former vicinals. But now all terraces are reconstructed, as can be determined both using STM images and GIXD spectra. The Au(788) surface is misoriented by 3.5
Stable reconstructed vicinal surfaces: Au(788) and Au
• with respect to the (111) orientation towards the [211] azimuthal direction. The step crystallographic structure is {111} and each terrace contains 16 atomic rows (see figure 7(a)). After the surface preparation, the sample displays 10 µm defect free areas with a roughness < 1 nm. It shows all over the surface a regular pattern of monatomic steps, 0.235 nm high (see figures 7(b) and (c)), with a terrace width distribution centred at 3.9 nm and with a 0.85 nm full width at half maximum. The surface is reconstructed and discommensuration lines run perpendicular to the step edges, in agreement with the systematic behaviour of the reconstruction found in the vicinity of {111} microfaceted steps, as shown in section 3. However, it should be pointed out that the periodicity of the reconstruction along the steps is greater on the vicinal area than on wide Au (111) terraces, in agreement with the fact that steps partially relieve stress. The LEED pattern (see figure 7(d)) indicates the good long range order (on a macroscopic scale) of both the stepped surface and the reconstruction since we can see up to the third diffraction peak order in both directions. Due to the presence of steps, the discommensuration lines are disturbed and no longer run perpendicular to the close-packed direction. Indeed, it can be seen from the images that, instead of being perfectly parallel over the whole terrace, these lines form a 'V' shape within terraces (see figure 8(b)). As a consequence, following the observation made on a Au(111) surface near a {111} step [46] , the fcc domain width decreases approaching the upper part of the step (see figure 8 ). This is consistent with the fact that the fcc domain should be larger near the bottom of the step since it is the bulk stacking of gold. It is worth noting that the exact atomic arrangement near the step edge is not known. How the hcp surface stacking changes into an fcc stacking in the bulk is still an open question. The Au (11, 12, 12) surface, which is misoriented with respect to Au(111) by a vicinal angle of 2.31
• , displays a similar behaviour to the Au(788) surface. Terrace width distribution has been measured from STM images over 30 images and 200 terraces. It is quite narrow since about 60% of the terrace widths equal the average terrace width value L = 5.8 nm [49] .
From a nanostructuration point of view, these surfaces are patterned in two dimensions at a nanometre scale:
(i) along the [211] direction, the periodicity is the terrace width and is linked to the miscut angle [50] ; (ii) along the [011] direction, the periodicity is 7.2 nm, fixed by the reconstruction, and does not vary significantly with the miscut angle.
Such patterned substrates at a nanometre scale have been successfully used in order to serve as a template for two-dimensional long range ordered growth of uniform cobalt nanostructures [51] . This will be shown in the last section of this paper. [30, 26] , prior to in situ UHV treatment, a periodic array of monatomic steps (2.3 Å high) is readily found on Au(455) and Au(577), in close resemblance with the ideal bulk termination. After the UHV in situ treatment described in the experimental section above, the hill-and-valley structure is obtained on both surfaces (see figure 9 (a)). Zooming on the hill-and-valley morphology reveals that both sides are portions of stepped surfaces (see figure 9(b)) whose terrace widths are w A = 31 ± 3 Å and w B = 12 ± 1 Å. The corresponding vicinal angles with respect to (111) are θ A = 4
• and θ B = 10
• . The 10
• facet is the Au(233) which is one of the stable surfaces described above. The determination of this orientation is even more precise than what we can measure from STM images. Indeed, the fact that Au(577) is faceted, although its misorientation angle is very close to that of Au(233) (see table 2), is the best proof that Au(233) must be exactly the orientation corresponding to the smallest terraces found on both Au(455) and Au(577) [52] . For Au(455) STM images reveal that the faceted morphology presents a super-periodicity of about 180 nm (see figure 9(a) ). The extent of each phase is found, using statistical analysis of STM images, to be 80 nm for the 10.0
• phase and 100 nm for the 4.0 It is worth noting that the 4.0 • orientational phase is close to the previous (788) surface. Moreover, all terraces of this phase are found to be reconstructed with lines of discommensurations crossing the steps perpendicularly. This has been demonstrated using STM images, LEED patterns [29] and GIXD [26] . Each vicinal facet gives rise to a specific splitting of LEED spots at a given energy, as expected for a uniformly stepped surface. As a consequence, diffraction spots for the faceted morphology are indeed quadruplets as in figures 9(c) and (d). The spacing of inner spots (respectively outer spots) reflects the vicinal period of phase 1 (respectively phase 2). In addition, figures 9(c) and (d) show that satellites of phase 1 spots are visible along the [011] direction. The related period in real space is about 7 nm. This reconstruction is consistent both with what is observed on Au(111) surface STM images [34, 45] , where the {111} steps are crossed perpendicularly by the discommensuration lines, and the findings of the stable reconstructed Au(788) and Au (11, 12, 12) surfaces.
Results on vicinals with {100} step edges. Let us first examine the morphology of a vicinal surface misoriented towards [211] by a 2.38
• angle. The Au(12, 11, 11) surface phase separates into two different stepped areas forming a hill-and-valley morphology. The long range order distance of the hill-and-valley structure is about 500 nm, as shown in figure 10(c) . Zooming into the facets exhibits that both facets are reconstructed vicinal portions with different terrace widths (see figures 10(a) and (b)). The smallest terraces which display a L = 4.56 nm average exhibit a white line of higher corrugation in the middle of each terrace, and parallel to the step edge (see figure 11(a) ). This reconstruction is in remarkable agreement with findings on the interaction between steps and reconstruction deduced from STM images taken on a Au(111) surface (see section 3). The largest terraces found on the Au(12, 11, 11) faceted morphology have an L = 8.23 nm average width, corresponding to a 1.6
• misorientation with respect to (111). Their atomic structure is quite complicated. Two different structures have been observed in the same conditions. The first one (see figure 11(b) ) consists in one line parallel to the steps and followed by periodic arches. We will refer to it as the 'viaduct' structure. Such a structure is found in the vicinity of a facet edge. The second structure (see figure 11(c) ) was not reported before, but it is a nice example of what patterns are formed in order to minimize the sum of the surface and step energies. Indeed, the 'viaduct' structure does not transform many portions of {100} into {111} microfacets. In order to change a larger proportion of steps, the discommensuration line should cross a {100} step edge. However, we have never observed such a crossing. Instead, the steps are faceted by presenting periodic super-kinks made of {111} microfacets large enough to be crossed by a stacking fault line. The complete structure of this reconstruction is difficult to describe accurately but it leads to an almost complete transformation of the {100} step edge into a less energetic {111} step edge.
Increasing the misorientation angles, we have investigated two vicinals Au (11, 9, 9) and Au(433) whose angles are between 4
• and 9
• . The first surprising result is that, although two different terrace widths are found all over the surface, a very small faceting periodicity is found. For Au(433), one large terrace (width w A = 4.0 nm) separates on average six steps so that the overall morphology displays a periodicity of D = 11.5 nm (see figure 12) . The short terraces display a 1.4 nm average width. For Au(11, 9, 9) a stable morphology is found consisting of a periodic succession (period about 7 nm) of one large terrace (width w A = 4.2 nm) followed by one or two short terraces (w B = 1.4 nm) (see figure 13 ). Short terraces both in Au(433) and Au (11, 9, 9) have the same value consistent with that of Au(755) which has been found to be stable. The interpretation of the presence of larger terraces which are of similar width for these two surfaces but also very close to the value of the smallest terraces of the faceted Au(12, 11, 11) was not straightforward since no reconstruction was seen on STM images of both Au(433) and Au (11, 9, 9) . GIXD was the most powerful technique in determining the exact atomic structure in this case, as explained below.
The presence or not of a reconstruction on Au(11, 9, 9) was resolved by GIXD measurements [2] . We used the hexagonal (H K L) coordinate system convenient for the (111) fcc terrace structure [26] , recalled in section 2. Performing H -scans (scans perpendicular to the step edge) at different L-values (the L-direction is perpendicular to the terraces) reveals that all diffraction rods are parallel and oriented perpendicular to the macroscopic surface (see figure 13(c) ). The slope of the rods (5.7
• ) and the distance between them giving a periodicity of 6.9 nm are both consistent with the expected morphology shown in figure 13(b) . However, experimental spectra, all obtained by scanning in the anti-phase conditions but at different positions of the reciprocal space, drastically differ in their intensity distribution (see figure 13(d) ). On the Au(11, 9, 9) surface, we did not observe any satellite peak characteristic of the usual Au(111)-22 × √ 3 reconstruction. Following our findings on the interaction between steps and reconstruction on a Au(111) surface, we developed an atomic model of the surface in order to reproduce the GIXD spectra. This model includes a discommensuration line parallel to the step edges on the larger terraces, which respects the surface symmetry but which is not in any usual direction known for the 22 × √ 3 reconstruction. This line is similar to what is observed on the small terraces of the faceted Au (12, 11, 11) surface (see figures 11(a) and (b) ). In our model, atoms of the large terraces which are near the descending step are in hcp sites whereas those near the ascending step are in fcc sites (see figure 13(e) ). The smaller terraces remain unreconstructed. Our model also includes two different arrangements found within the super-period, i.e. whether the large terrace is followed by one (structure 1) or two (structure 2) short terraces (see figure 13(b) ). The terrace widths w 1 and w 2 , as well as the proportion p of structure 2, have been determined by statistics over STM images. The proportion p of structure 2 is found to be about 70%. Thus, the model contains three parameters: the correlation coefficient q of the ordering between the two structures (q = 0 corresponds to completely segregated phases and q = 1 corresponds to a random mixture between the two structures), the width and the position of the discommensuration line. As shown in figure 13(d) , the introduction of the discommensuration line accounts for the strongly different spectra obtained in the anti-phase condition, and the agreement between the experimental data (open circle) and the calculated spectra (full curve) is excellent. Parameters deduced from the calculations are the following: q = 0.45, the discommensuration line width is six atoms and the fcc (respectively hcp) stacking domain on the large terrace contains seven (respectively five) atomic rows (see figure 13(e) ). Although this reconstruction is unusual, it is again consistent with previous works on the Au(111) surface [45] : a discommensuration line is systematically observed parallel to the step edge at the bottom of {100} steps whereas {111} steps are always crossed by discommensuration lines. This was interpreted by a step energy minimization. This effect is even more important in the case of the Au(11, 9, 9) surface. Indeed, the descending step edges of the larger terraces are transformed into {111} step edges (see figure 13 (e)) which is known to be energetically favourable. The particular behaviour of the reconstruction is thus strongly governed by step energetic arguments. It should also be mentioned that the existence of such stacking fault lines has been suggested on a Pt(111) vicinal surface with {100} steps [53] .
Summary of Au(111) vicinal morphology
Both the mesoscopic order (periodically faceted or not) and the atomic structure (reconstructed terraces or not) are elucidated on all surfaces.
The determination of atomic structure on each terrace is one of the most crucial issues. Results described above suggest that there is a critical angle θ c such that for θ > θ c stable vicinals are not reconstructed, whereas for θ < θ c stable vicinals display reconstructed terraces. This result is consistent with the fact that steps partially relieve stress. θ c is comprised between 4
• . The reconstruction is similar to the well known reconstruction of Au(111) in the sense that fcc stacking areas are separated from hcp areas by discommensuration lines. However, different morphologies of the reconstruction are found depending on the azimuth and the terrace widths. When the steps are made of {111} microfacets, the stacking fault lines always cross the steps perpendicularly. The line periodicity slightly varies with respect to the terrace width: 7.9 nm for 3.3 nm wide terraces and 7.2 nm for 3.8 nm whereas a 6.3 nm period is known for the infinite (111) terrace. When the steps are made of {100} microfacets, the discommensuration line structure depends on the terrace width. For 4 nm wide terraces a line of discommensuration is found to be parallel to the step edge. When terraces are larger, more complex structures are reported. We have shown that the driving force for these morphologies is the minimization of the step energy, the {111} microfaceted step being more stable than the {100} microfaceted one.
One of the most original results is the self-organized morphology found on Au(111) faceted surfaces. Au (11, 9, 9) and Au(433) display small periods of respectively 7 and 11 nm, whereas Au(12, 11, 11), Au(577) and Au(455) present 500, 260 and 180 nm periods respectively. Thus faceted surfaces are indeed able to provide self-organized patterned substrates in the range between 1 and 100 nm, which might be of interest for further use of these substrates as templates for epitaxial growth. Regarding the faceting phenomena, it is questionable to interpret Au (11, 9, 9) and Au(433) morphology as a faceted one, since the phases are very small to be real thermodynamic phases. We try to elucidate this point in the next section by developing models for faceting in Au(111) vicinals.
Microscopic origin of faceting in Au(111) vicinal surfaces
In this section, we will explain that the reason for faceting of {100} microfaceted stepped surfaces is mainly the terrace energy modulation explained by an FK model, whereas we suggest that faceting of {111} microfaceted stepped surfaces is due to a competition between the step energy term and the terrace energy term. In these models the reconstruction is always the driving force for the faceting transition but the exact atomic structure is linked to the different models.
Frenkel-Kontorova model of faceting for vicinals with {100} step edges
In the case of {100} step vicinal surfaces, we have found the existence of either one terrace or a complete vicinal area showing a reconstruction with one discommensuration line parallel to each step. This occurs when the terrace width is about 4 nm (4.2 nm on Au(11, 9, 9) and 4.6 nm on Au (12, 11, 11) ). Now we justify the stability of such a phase by thermodynamics arguments.
Since the microscopic structure of the discommensuration line (see figure 13 (e)) found on Au(11, 9, 9) consists of a purely uniaxial compression in the direction perpendicular to the step edges, it allows us to develop a one-dimensional model to explain the faceting properties. The stressed terrace energy per unit area E 1 is calculated as a function of the terrace width L using an FK model [36, 54] . For simplicity, we have assumed that hcp and fcc sites are equidistant and energetically equivalent. Furthermore, we consider the asymptotic case of infinite spring strengths, whose validity has been discussed in previous work [55] . In this case, the only boundary condition is that the first atom of the FK chain is fixed in a trough of the substrate potential (corresponding to the first atom which is not a surface atom as shown in the inset of figure 14) . Since the fundamental FK parameter P 0 [36] which defines the misfit between the surface and the bulk atoms is not known for the Au(11, 9, 9) reconstruction, we assume that the atomic surface density should be similar to the Au(111) reconstructed surface and thus we take P 0 = 22. The graph of E 1 , shown in figure 14, displays several minima which correspond to terrace widths locked by the reconstruction. For a vicinal surface, the surface energy per unit area also includes the step energy cost E 2 = B/L and the repulsive elastic interaction energy between steps, E 3 = C/L 3 . These contributions, where B and C have been deduced from the experimental data of Wang and Wynblatt [22] , are also shown in figure 14 . The curve of the total energy per unit area E clearly displays an additional minimum associated with unreconstructed terraces, 1.4 nm wide. Finally, the total energy curve is not convex and the tie bar construction applied to a Au (11, 9, 9) surface predicts that a phase separation will occur between one reconstructed phase composed of 6.5 nm wide terraces with a discommensuration line parallel to the steps and a non-reconstructed phase with terraces 1.4 nm wide. This is indeed in good agreement with our observations. The value of the reconstructed terraces could certainly be improved by taking into account the real shape of the potential and the non-asymptotic case. However, as P 0 is not perfectly known, we believe that this simple feature gives all the physical arguments for the understanding of faceting. In particular, it is in good agreement with the finding that the Au(322) is a stable non-reconstructed surface. Indeed, the value for the non-reconstructed terrace width is less sensitive than reconstructed terrace width to refinements in E 1 .
The model predicts the instability of the Au (12, 11, 11) surface. The surface should separate into two reconstructed phases: (i) small terraces with one line of discommensuration, We have also drawn the stressed terrace energy E 1 , the step energy contribution E 2 and the the energy E 3 due to the elastic interaction between steps. E 1 is calculated using the FK model schematically represented in the inset. The tie construction which explains the vicinal surface faceting behaviour is also indicated. Lower part: experimental terrace width distribution measured for the large and small terraces found on Au(11, 9, 9).
and (ii) large terraces with two lines. The first phase is indeed observed (see figure 11(a) ). The model therefore enables us to predict the stability of the (988) surface with one discommensuration line parallel to the steps on each terrace. However, the observed atomic structure of the large terraces on the faceted Au (12, 11, 11) is more complicated as seen in figures 11(b) and (c). We have explained it by a minimization of step energy which is not taken into account in our model. Furthermore, our model is purely one dimensional, whereas larger terraces display a 2D pattern for the reconstruction. Finally, another remark concerns the prediction of the model compared to experimental measurements. We want to point out that the two local minima 6.5 and 1.4 nm associated with the tie bar construction discussed above do not have the same physical origin. One is clearly associated with a magic vicinal locking since it corresponds to a local minimum in the FK curve. On the other hand, the second minimum (at 1.4 nm) is just due to the competition between E 1 and E 2 . Therefore, the convexity of these two minima is not the same. This effect can be seen experimentally studying the terrace width fluctuations [56] . One can observe that the smaller terraces have larger fluctuations than the larger terraces (see figure 14) . This is in agreement with the fact that the second derivative of the total energy curve for the first minimum is smaller than for the second one.
As a conclusion, this simple model gives all the physical arguments for understanding the faceting phenomena and gives a reasonable quantitative agreement with the experiment. It definitively explains the value for the unreconstructed terrace width. The stability and the atomic structure of the (988) surface is also clearly understood within this model. More generally, it is the first time that a purely analytical model of FK type has given a good description for faceting phenomena. Furthermore, this approach explains the close relationship between the microscopic surface structure and the faceting process in order to understand how the reconstruction can lock some terrace widths.
Model of faceting for vicinals with {111} step edges
In the case of {111} step vicinal surfaces, reconstructed terraces consist in discommensuration lines crossing the step perpendicularly to the step edges. The step lattice breaks the symmetry of the three possible domains known for the 22 × √ 3 reconstruction and one only is stabilized. We have to note that the stress relief associated with the reconstruction occurs in the direction parallel to the steps and we do not expect any modulation of the reconstructed terrace energy as a function of its width. Therefore, instead of the previous FK model, we will rather consider the one initially proposed by Williams and Jeong [57, 14] in order to explain the faceting of Si (111) vicinal surfaces driven by the (7 × 7) reconstruction. This model is well suited when the reference plane exists in two different structural phases (here the 22 × √ 3 reconstruction and the (1 × 1) terraces, respectively for large and small terraces). Each phase can individually be described by a curve of the form of equation (1) without the quadratic term and with different values of the parameters. Thus, we write
and
where R and NR identify respectively the reconstructed and non-reconstructed phases. γ 0,R < γ 0,NR since the reconstruction on the low index Au(111) surface lowers its free energy relative to that of an unreconstructed surface [40] . Reasonable assumptions are necessary, as already used in the case of Si (111) vicinal surfaces driven by the (7×7) reconstruction [57, 14] . We assume that g R = g NR . Then, if β R > β NR , the free energy curves intersect each other. This means that the existence of the reconstruction increases the step free energy. Since steps are crossed by the reconstruction, their atomic structure is disturbed and therefore it is reasonable to assume that their energy can only increase. Indeed, without the reconstruction, the steps have the lowest step energy due to their initial {111} microfaceted structure. More generally, since a step is a one-dimensional object, compared to a surface which is two dimensional, it can be assumed that the atomic rearrangement leading to a minimization of the free energy of the surface does not lower the step energy. As a result, the two curves intersect each other and the envelope of the two curves loses overall convexity. Thus phase separation will occur between two phases determined by the usual tie bar construction as illustrated in figure 15 , where the parameter values have been calculated in order to describe both the stability of the Au(788) and the instability of the Au(455) surface. Taking the value g R = g NR = 68 meV Å −2 fitted from the gold crystallite equilibrium shape [22] , we deduce the value of γ 0 = γ 0,NR −γ 0,R and β = β R −β NR which allows us to describe a phase transition into a θ A = 4.0
• vicinal phase and a θ B = 10.0 respect to the (111) orientation. Resolving the geometric equation for the tie bar condition, we find
h = 2.35 Å is the monatomic step height on a Au(111) surface. γ 0 = 0.7 meV Å −2 and β = 12.5 meV Å −1 are found. These values depend on g, for which the value can be discussed. From the fit of the equilibrium shape of gold crystallites, γ 0 = 84 meV Å −2 and β = 80 meV Å −1 . The gain in surface energy due to the reconstruction is very small but consistent with previous investigations [58, 59] . It is worth noting that this experimental value does not take into account the further energy minimization due to the secondary herringbone reconstruction [39] . The variation in step energy is much higher and thus raises the question of why the discommensuration lines cross these step edges. We have already shown that in the case of {100} steps, modifying locally the reconstruction leads to a decrease of the step energy. In the case of {111} steps, in order to decrease the step energy, the lines have to avoid the step edge in the upper terrace together within the lower terrace (non-reconstructed {111} step). But this will cost surface free energy, and therefore a fine balance between the step energy and the surface energy will take place, which is not taken into account precisely in our model. Finally, the values found for γ 0 and β sound reasonable and we believe that the mechanism explained above is responsible for the faceting of {111} step vicinal surfaces. Experimental determination or calculation for γ 0 and β would validate or disprove this model.
Phase diagram and magic vicinals
Combining knowledge from experimental observations on Au(111) vicinal surfaces and models for the origin of faceting, we can summarize the stability of surfaces misoriented between 2
• and 12
• in two opposite azimuths. Of course, we are not considering a real phase diagram in the sense that we have not studied the morphology temperature dependence. Thus, what we call stable is the morphology obtained after the in situ preparation described above. We believe this is representative of an equilibrium morphology obtained at 700 K.
When the surfaces are cut towards [211], exhibiting {100} microfaceted steps, due to the FK model, only a few surfaces are stable between 1.7
• and 11.4
• : Au(755) and Au(322) are not reconstructed, whereas Au(988) and Au (17, 16, 16) are reconstructed. For Au(988), the reconstruction consists in one single line of discommensuration parallel to the steps located almost in the middle of each terrace.
This means that the majority of surfaces are unstable and will present a faceted morphology under the standard preparation in UHV. We expect that surfaces misoriented by a vicinal angle between 1.7
• and 3.2
• will separate into two reconstructed vicinal portions whose angles are 1.7
• and 3.2 • . Due to the possible number of atomic rows, this result concerns about 15 different vicinal surfaces. When the angle of misorientation lie between 3.2
• and 9.4
• , there is evidence that the surface will separate into area with terraces similar to the terraces of the (988) surface and a area with non-reconstructed terraces similar to the terraces of the (755) surface.
In the opposite azimuth, the model proposed for explaining the faceting phenomena is different. The instability diagram is restricted between 4.0
• and 10.0
• . We expect that all vicinals between 4.0
• and 2.3
• (Au (11, 12, 12) ) are stable and reconstructed with discommensuration lines crossing the steps perpendicularly as observed for the (788) and (11, 12, 12) surfaces. This corresponds to about ten different vicinals. The 4.0
• surface should be stable but as far as we know it has not yet been observed. This nominal (677) surface should display two atomic rows less than the (788). On the other hand, all vicinals steeper than the (233) surface should be stable and unreconstructed. Our model also predicts that surfaces below 2.3
• are stable. However, for a low miscut angle, we expect to find the herringbone structure of the Au(111) reconstruction. The energy minimization associated with this structure may lead to some faceting phenomena which are not included in our model and, therefore, we cannot make any reliable predictions for miscut smaller than 2.3
• . Let us compare these results with what is known on the stability of Au(111) vicinals. If we compare with observations of equilibrium shape, we cannot explain the discontinuity angle at the sharp edges of the Au(111) facet. This angle has been found to be either 15
• by Heyraud and Metois [60, 61] , 19
• by Wang and Wynblatt [22] or 21
• more recently [23] . It is in any case much greater than the stable vicinal surfaces found here. This raises the question of the comparison between ECS and flat vicinal surfaces. Experiments performed on periodic annealed profiles have revealed the existence of stable facets whose angles are 3.7
• and 11.7
• . Although these angles are close to those of (322), (788) and (988) stable orientations, others are lacking for complete consistency. Maybe the resolution on such systems, both ECS and periodic profiles, is not sufficient to identify all orientations. Also, as far as we know such experiments have not reported any differences related to the azimuths. Other magic Au(111) vicinals have been predicted [62] or reported [25] but the azimuths were different.
Mesoscopic self-ordering on Au(111) vicinal surfaces
Introduction
Self-ordering on solid surfaces has been recognized as a promising alternative for growing uniform nanostructures with regular sizes and spacings [63, 64] . Despite the fact that a great variety of systems and geometries are concerned [65] [66] [67] , long range elastic interaction is the common physical driving force of this phenomenon [68] . Spontaneous periodically faceted morphology has been reported for stepped surfaces at equilibrium [53, 1, 69, 57, 70, 29] . In this case, the elastic strain field results from a discontinuity of the intrinsic surface stress tensor which appears on the facet frontier [68, 44] . A theoretical prediction is that, in such surfaces, the period results from a compromise between the energy gain induced by bulk elastic relaxation and the local energy cost of the facet edges [44] . However, although a lot of work has been concentrated on elastic relaxations, little is known about boundary energy terms. The self-ordering of Au(111) vicinal surfaces provides a unique opportunity to point out the crucial role of the boundary energy cost.
We have seen above that the mesoscopic order on these surfaces drastically varies with different vicinals [29] , ranging from 10 to 500 nm. We compare pairs of surfaces which are misoriented by a similar angle with respect to (111) but in opposite azimuths. This is the case for Au (11, 9, 9) and Au(455), for which the vicinal angle is about 6
• . The Au(11, 9, 9) surface is misoriented by a 5.57
• angle towards the [211] azimuth, and presents {100} steps. The Au(455) surface is misoriented by a similar angle, 5.76
• , but towards the opposite azimuth, thus it presents {111} steps. The faceting of these surfaces displays periodically faceted morphology with different periods: a 180 nm period is observed on Au(455) whereas a shorter 7 nm period is obtained on Au (11, 9, 9) . There is a factor of 25 between both periods of faceting. In the following we examine how the atomic structure interplays with the mesoscopic order using the elastic continuum model proposed by Marchenko [44] .
When a phase separation occurs on a vicinal surface, the discontinuities of the surface stress tensor at the edges between two facets generate lines of local forces which lead to long range bulk elastic relaxations (see figure 16 ). Marchenko demonstrated that, in order to minimize the elastic energy, the surface morphology evolves towards the lowest possible period. However, there is a competition between this elastic energy gain and the local edge energy cost, C 1 . The order of magnitude of the period is given by κ = 2πa exp
where a is an atomic cut-off distance, and C 2 evaluates the bulk elastic relaxations [44] .
Elastic energy gain
The first step is to evaluate the elastic energy gain C 2 .
where ν is the Poisson ratio and Y is the Young modulus. The force F per unit length exerted on the edge between two adjacent facets with different stresses σ A and σ B is F = σ A + σ B (see figure 16 ). The elastic energy gain is therefore related to the surface stress tensor of each facet forming the hill-and-valley structure. Molecular dynamics calculations have been performed in order to evaluate the surface stress of vicinal surfaces versus the step density for both azimuths studied here. Results are shown in figure 17 . This simulation does not take into account surface reconstructions which are able to lower the surface stress. On Au(111), it has been found that the surface stress is 20% smaller on the reconstructed surface than on the unreconstructed surface [40] . Using the curves of figure 17, we can evaluate the forces located at the edges of facets on the Au(111) vicinals studied here. We take the Au(111) surface stress value σ 0 = 173 meV Å −2 [71] as reference, which has been calculated for a non-reconstructed surface. In the case where the terraces are reconstructed (i.e. Au (11, 9, 9) and Au (12, 11, 11) ), we will take the value of the surface stress to be 20% lower. Knowing the crystallographic orientation of each facet, we can evaluate the elastic energy gain C 2 . Values are reported in table 3 (A denotes the less misoriented facet whereas B is the more misoriented one).
Role of the edge energy in the mesoscopic order
The elastic energy gain being evaluated, it is now necessary to estimate the local edge energy cost C 1 . We will first calculate C 1 for Au(455) and Au (11, 9, 9) which are the model surfaces detailed here. The precise knowledge of the surface atomic structure allows us to estimate the local energy cost C 1 to insert one phase into the other. This insertion is schematically shown Table 3 . Calculated surface stresses σ A and σ B for each faceted surfaces. From these values we deduce F, which is the force per unit length exerted on the facet edge and C elas which is the energetic character called C 2 in the text. figure 18 where step configurations are drawn before (upper part) and after (lower part) one phase has been inserted into the other. By definition, C 1 is the difference between the surface energies of the two configurations ignoring the elastic contribution, which is already taken into account via the C 2 parameter. The term of first order is the difference in step energies.
[211] --[211] -Au(4,5,5) Au (11, 9, 9) (a) (b) Figure 18 . Spontaneous periodic faceting of vicinals with {111} steps (a) and vicinals with {100} steps (b). In each case a schematic step arrangement configuration before (upper part) and after (lower part) one phase has been inserted into the other is drawn. The two terraces of the unreconstructed phase are in grey (i.e. they have an fcc stacking). The hcp atomic stacking fault on the two terraces of the reconstructed phase is represented by a hatched area. Arrows indicate edges between vicinal phases.
Step structures are indicated by triangles for {111} steps and full black squares for {100} steps (from [2] ).
It can be seen in figure 18 (a) that inserting one phase into the other for Au(455) transforms two {111} steps into a periodic succession of {111} and {100} step portions. Due to the higher step energy for the {100} steps, this result in a local energy cost C 1 . An estimation of this term using the {111} and {100} step energies [22, 47] as well as the proportion of hcp stacking along the step gives a few meV Å −1 . Following Marchenko's model, it leads to a micronic period for vicinal surfaces with {111} steps, not far from our observations of about 200 nm. However, it is not expected to obtain a quantitative agreement, taking into account the roughness of our estimation together with the very high sensitivity of the exponential function. More interesting is the comparison with the Au(11, 9, 9) surface. Indeed, comparing steps in the upper and lower parts of figure 18(b) shows that no difference in step energies appears when one phase is inserted into the other. In this case, additional effects must be invoked to evaluate C 1 . It has been recently proposed that C 1 could result from the modification of the terrace widths in the vicinity of the frontier due to its asymmetric environment [66] . Following this work, we assumed a few per cent variation of the edge terraces so that the edge energy cost can be evaluated from our FK model. It is found to be a few tenths of meV Å −1 . This value is probably overestimated since the calculations of Liu et al concern a much more asymmetric case than ours. However, this gives an upper limit for C 1 which is at the most equal to C 2 . Thus, Marchenko's model predicts the smallest possible period that can be realized with the two favoured terrace widths. This is indeed what we observe on the Au(11, 9, 9) surface. Of course, the validity of the Marchenko model has to be discussed in the case of such a small phase extent but it is known that the elastic theory provides correct results until a few atomic distances. Therefore, our results strongly suggest that the difference in C 1 between both types of vicinal Au (11, 9, 9) and Au(455) is responsible for their drastically different mesoscopic faceted morphologies. Thus, Au(111) vicinal surfaces provide a unique opportunity to point out the crucial role played by the boundary energy cost in the self-ordering phenomena [2] . Surprisingly, although the edge energy cost is not the driving force for the periodic faceting, it is able to monitor the value of the period. This is indeed of primordial interest for numerous applications of self-ordered systems. Now, let us examine the more complex case of Au (12, 11, 11) . Difficulty arises due to the fact that the atomic structure of the largest terraces found on the faceted morphology changes depending on whether it is close to the facet edge or not. The large terraces display more frequently the complex structure shown in figure 11(c) and called 'structure c' below. However, the so-called 'viaduct' or 'b' structure (see figure 11(b) ) is always found in the vicinity of the smallest terrace phase. Understanding the periodicity in this case is much complicated since now the surface free energy is changing with the hill-and-valley periodicity, which has not been taken into account previously. Two possibilities can apply. When both structures have almost the same energy, the surface will seek the smallest period possible. Indeed, the edge energy cost between the 'viaduct' structure and the small reconstructed terrace is of the same order of magnitude as in the case of Au (11, 9, 9) for the same structural reasons. When there is an energetic difference between both structures, the largest terrace phase will display only the complex structure c (except very close to the small terrace in order not to perturb such a small terrace phase). In this case, the period will be great, since having the smallest period will have a cost in energy due to the creation of more b structure. Unfortunately, we do not know the difference in energy between structures b and c. However, it is worth noting that the very small value of C 2 for this particular surface justifies the large periodicity indeed observed.
Application for self-assembled growth of nanostructures
Achieving a high degree of order in periodic arrays of uniform nanometre size clusters has become one of the greatest solid state physics challenges in the last few years. Methods for assembling arbitrary atomic scale structures have been proposed involving scanning probe assisted lithography [72] . Another promising way is to use self-organization phenomena [68, 73] . The advantage of this parallel processing technique is to organize regular nanostructures over macroscopic areas with a high spatial density. It has been demonstrated that strained-relief patterned substrates such as dislocation networks can serve as templates for growing uniform regularly spaced nanostructures [64, 74, 75, 63, 76, 77] . However, intrinsic defects such as step edges hamper the achievement of long range ordered arrays of nanostructures since steps are often the main defect killing the surface dislocation network's coherence. Steps can also favour large cluster growth which hinders the uniformity of nanostructure sizes. Since macroscopic averaging methods are still commonly used for measuring physical properties of the nanostructures, these defects represent major drawbacks. In order to overcome these difficulties, we proposed recently a novel approach based on strain relief vicinal patterned substrates for two-dimensional (2D) self-ordered growth. The basic idea is taking advantage of different morphology found on Au(111) vicinal surfaces in order to use these surfaces as templates for the growth of organized nanostructures. Using vicinal surfaces as templates was originally proposed for achieving the growth of nanowires, and therefore entering the world of one-dimensional nanostructures [78] . Magnetic Fe nanowires have be grown on stepped W(110) [79] and have been investigated by spinpolarized STM [80] . Recently, Co atomic chains have been achieved by decoration of a vicinal Pt surface [81] and ferromagnetism has been measured in such chains [82] . The main characteristic of vicinal surfaces is that the step array keeps its coherence over the whole sample which is of macroscopic size. Here we want to combine the vicinal step array with a strain relief pattern which will result in a 2D self-ordered growth with long range order. Best candidates for such 2D growth have been found to be the Au(111) vicinal surfaces cut in the [211] azimuth, whose steps exhibit {111} microfacets, and with misorientation angle lying between 2
• and 4
• . Prototypes are Au (11, 12, 12) and Au(788) orientations described in section 4.
We recall that the Au(788) surface is patterned in two dimensions:
(i) along the [211] direction, the periodicity is the terrace width 3.9 nm and can be changed with a different miscut angle [50] ; (ii) along the [011] direction, the periodicity is 7.2 nm, fixed by the reconstruction, and does not vary significantly with the miscut angle.
The LEED pattern indicates the good long range order (on a macroscopic scale) of both the stepped surface and the reconstruction since we can see up to the third diffraction peak order in both directions. This is a major difference from the earlier works on self-organized growth obtained using dislocation networks on close-packed surfaces as templates [64, 75, 63, 76, 77, 74] . Due to a place exchange mechanism at the crossing of the reconstruction lines and the step edges a 2D superlattice of two monolayer (ML) high cobalt nanodots is grown on the Au(788) surface at room temperature (see figure 19(b) ). Although the advantage of using such a substrate is to improve the long range order of the organized growth, there are a lot of local defects in the organized structure and the island size distribution achieved at room temperature is not very sharp [51] . The corrugation due to terrace levels has been subtracted in order to observe the island positions compared to the discommensuration lines (from [90] ). In order to improve the local order of this dot array we have performed experiments with different substrate temperatures. It has been shown in the Ag/Ag(2 ML)/Pt(111) system that lowering the deposition substrate temperature can inhibit some diffusion processes across discommensuration lines and so leads to an organized growth [64] . In this case, Brune et al [64] found that T 110 K is the best temperature to get a well ordered array. Following this idea, we have deposited a sub-monolayer coverage of Co on Au(788) cooled down to 130 K. Since we have taken the subsequent STM images at room temperature, we could expect a different arrangement compared to the non-annealed case. Figure 20 shows an STM image of the cobalt growth. At a first glance, it looks like a perfect rectangular array of nanodots. We can estimate over many images that the proportion of defects in this array is about 1%. Few micron areas show the same perfection of island organization [51] . The island size distribution is narrower than that measured for the room temperature deposition on Au(788) and even on Au(111).
It is interesting to remark that the terrace width value can be monitored very easily by changing the surface misorientation angle. This degree of freedom allows us to tune one of the periodicities of the cobalt dot array. This is illustrated by the case of the Au (11, 12, 12) substrate where we obtain an almost square cell for the dot array as shown in figure 21(a) . In this case the terrace width is 5.6 nm which is close to the reconstruction period. For interacting nanostructures (magnetic dipolar interactions, elastic interactions via the substrate, . . .) the isotropy of the superlattice is an important parameter. Although this is of great interest to vary the symmetry of the lattice cell one has to be careful that changing the terrace width can be destructive for the strain relief pattern. In figure 21(b) we show the example of cobalt deposition on the Au(233) surface. In this case the terrace width is 1.4 nm, a value that does not lead to a reconstruction within the terraces. As a consequence, we observe no organization when the cobalt deposition is performed on this substrate (see figure 21(b) ).
Conclusions
In this paper, we have given a complete overview of our recent work on Au(111) vicinal surfaces. Special emphasis has been placed on the self-ordering properties. Since gold surfaces are commonly used as substrates in a wide variety of fields, such as organic molecules [83] , magnetism [84] or heterogeneous catalysis [77] , vicinal surfaces are ideal templates for nanostructuring applications, since they provide periods between 1 and 100 nm, with a coherence over the whole macroscopic samples. We have shown in detail what morphologies can be expected by using gold vicinal surfaces. The key point in understanding these morphologies comes from the interaction between reconstruction and step edges. Elucidating this interaction leads to two fundamental consequences:
(i) two different models have proposed for understanding the faceting properties and (ii) the mesoscopic faceting periodicity has been linked to the local atomic order of the facet edge.
Open questions on Au(111) vicinal surfaces are still (i) the comparison with the gold crystallite equilibrium shape which displays large angles of discontinuity at the Au(111) facet sharp edges [20] [21] [22] [23] , (ii) the comparison with the magic vicinal obtained from annealed periodic profiles [24] and (iii) the temperature behaviour and the role of the phase transition towards the fluid phase [41, 42] .
However, we have shown that reconstructed vicinal surfaces are well suited for 2D growth of nanostructures. Gold vicinal surfaces spontaneously exhibit such a pattern but it is likely that every well known epitaxial dislocation network (metal systems [85] [86] [87] 64] , and also semiconductors [88, 89] ) will display similar patterns on vicinal surfaces.
